The goal of this study was to explore the association of beta-amyloid accumulation and cerebrovascular response (CVR) in cognitively normal older adults. Beta-amyloid accumulation was characterized with [18F] Florbetapir positron emission tomography scans. CVR was calculated as middle cerebral artery blood flow velocity change from rest to moderate intensity exercise. We found that individuals with elevated beta-amyloid aggregation had a blunted CVR (n ¼ 25, age 70.1 AE 4.8; 3.3 AE 3.7 cm/s) compared to non-elevated individuals (n ¼ 45, age 72.0 AE 4.9; 7.2 AE 5.0 cm/s, p < 0.001). Further, greater beta-amyloid burden was linearly associated with less CVR across all participants (b ¼ À11.7, p < 0.001). Greater CVR and less beta-amyloid burden were associated with processing speed (p < 0.05). This study is the first to show that CVR from rest to exercise is blunted across increased global beta-amyloid burden.
Introduction
There is evidence in animal models that the presence of beta-amyloid peptide aggregation, a hallmark pathology of Alzheimer's disease, 1 may interfere with endothelial-dependent response of the cerebral arteries and impair cerebrovascular autoregulation. 2, 3 Transgenic mice expressing the highest levels of beta-amyloid showed the greatest disruption in cerebrovascular autoregulation. 2 Insofar as impaired cerebrovascular function is one factor by which beta-amyloid accumulation causes neurodegeneration, 4 replication in humans would have important implications regarding brain health.
Several studies have focused on the interaction of cerebral blood flow and beta-amyloid aggregation in Alzheimer's disease. [5] [6] [7] [8] One study reported no significant differences between resting cerebral artery blood flow between those characterized as mild cognitive impairment and healthy controls. 9 However, the authors did report that a task-enhanced challenge or ''brain stress test'' improved group discrimination in cerebral blood flow. It may be that probing the responsiveness of a mechanism, such as regulation of perfusion during a cognitive or physiological challenge, will reveal deficits that are not apparent in resting conditions. That is, adding a physiologic challenge such as exercise may increase the likelihood to detect subtle vascular changes in preclinical or early disease states. divided the participants into two groups (elevated, nonelevated) to examine group differences in CVR. We hypothesized that individuals characterized as betaamyloid elevated would have a lower CVR than nonelevated participants. We also hypothesized that greater beta-amyloid burden would be associated with lower CVR. As a secondary hypothesis, we expected that greater CVR would be associated with better cognitive performance.
Material and methods Participants
Individuals were recruited as part of an ongoing Alzheimer's prevention program to characterize cerebral beta-amyloid burden in cognitively normal older adults. Inclusion criteria for the program were: (1) 65-90 years of age; (2) classified as cognitively normal/non-demented based on neuropsychological testing and a Clinical Dementia Rating (CDR) ¼ 0; (3) sedentary or underactive lifestyle; (4) completion of [18F] Florbetapir positron emission tomography (PET) scan within six months of our experimental procedures. Exclusion criteria were: (1) Diagnostic and Statistical Manual of Mental Disorders-IV defined drug or alcohol abuse within the prior two years; (2) clinically significant depression or anxiety; (3) insulindependent diabetes; (4) myocardial infarction or symptoms of coronary artery disease within the prior two years; (5) acute decompensated congestive heart failure or class IV heart failure; (6) major orthopedic disability; (7) inability to exercise due to pain or restrictions from physician.
Standard protocol approvals, registrations, and patient consents
All individuals provided written informed consent. The KU Institutional Review Board provided approval for all study procedures, which complied with the Declaration of Helsinki.
Cognitive evaluation testing
Participants were evaluated for dementia using the Uniform Data Set (UDS) neuropsychological test battery and the CDR scale employed by the United States Alzheimer's Disease Center network. 15, 16 Each person completed a standard in-person clinical and cognitive evaluation to exclude dementia or mild cognitive impairment. A trained clinician completed a CDR 16 and a psychometrician performed the neuropsychological test battery. 17 Clinical and cognitive data were reviewed at a consensus diagnostic conference, 18 and cognitively normal participants were defined as having a CDR 0 and no clinically significant deficits on neuropsychological testing. Tests in the UDS can be aggregated into cognitive domains (memory, executive function, language, processing speed, and attention) and normed to a cognitively normal sample of older adults. 19 We took this approach for our analysis of cognitive performance. However, during our project, the National Alzheimer's Coordinating Center changed certain tests in the battery 17 and logistically we were unable to maintain a uniform battery. Consequently, we have used the summed free recall of the Free and Cued Selective Reminding Test 20 for the Memory domain in all participants. We normed this value to a similar population as reported previously. 21 
Brain imaging
PET images were obtained on a GE Discovery ST-16 PET/CT scanner. Two 5-min duration PET brain frames were acquired continuously, approximately 50 min after [18F] Florbetapir (370 MBq) administration. Head movement was minimized by use of self-adherent wrap across the forehead. Frames were then summed and attenuation corrected.
We performed two analyses of beta-amyloid burden: (1) a binary categorization of elevated versus nonelevated individuals for group assignment using a well-developed process using three trained raters, 14, 22, 23 (2) a continuous quantitative measure (mean SUVR of six regions of interest). Quantitative analysis was performed using MIMneuro software (v 6.0.5, MIM Software Inc.) as reported previously. 13 Briefly, nine-parameter affine registration was used first to align raw reconstructed the image to three [18F] Florbetapir PET templates. Then landmark matching and thin-plate spline landmark-based deformation was performed. Finally, region-based standard uptake value ratios (SUVR) were calculated in predefined regions provided by the software: 24 anterior cingulate, posterior cingulate, precuneus, inferior medial frontal, lateral temporal, and superior parietal cortex using whole cerebellum as a reference region. Global beta-amyloid burden was calculated as the mean of the six regions of interest.
Transcranial Doppler
Prior to cerebrovascular characterization, participants refrained from caffeine for 12 h, physical activity for 24 h and eating a large meal for 2 h. 25 The study visit began between 7:30 and 9:00 a.m. for all participants. Participants first completed health history questionnaires and were classified as having low, moderate, or high cardiovascular risk according to American College of Sports Medicine criteria. 26 The laboratory room for the experimental session was dimly lit, quiet, and temperature maintained between 22 and 24 C. 27, 28 External stimuli were kept to a minimum during the testing session. 29 The left MCA was used for the transcranial Doppler (TCD) ultrasound with a 2-MHz probe (RobotoC2MD, Multigon Industries) placed over the temporal window and fixed in place using a robotic TCD headpiece. If the left MCA was not obtainable, then the right side was used. 29 Once the optimal signal was identified, we began the imaging process for mean MCA velocity (MCAv mean ). Individuals performing the TCD data collection were blinded to beta-amyloid status.
A finger plethysmograph (Finometer Pro, Finapres Medical Systems) was placed on the middle finger of the left hand supported at the level of the heart on an adjustable padded bedside table. The finger plethysmograph collected continuous measures for mean arterial pressure (MAP). End-tidal CO 2 (ETCO 2 ) was assessed using a nasal cannula and capnograph (BCI Capnocheck 9004). We used a 5-lead electrocardiogram for heart rate (HR). The 8-min average MAP, ETCO 2 , and MCAv mean for each condition (resting and moderate intensity) were used.
Resting protocol
Participants sat quietly on the recumbent stepper (NuStep, T5XR) to rest for 15 min. During the last 8 min of rest, baseline data for all variables were recorded.
Exercise protocol
After the 8-min resting data collection, the participant performed a single bout of exercise at moderate intensity using the recumbent stepper. Moderate intensity exercise was defined as 40%-60% of age-predicted HR reserve. 26 Participants maintained a step rate of approximately 90 steps per minute. 30 All participants began exercise at 40 W. The resistance was increased until the target HR range was reached. The participant then continued with the steady state HR for one continuous minute to ensure target HR could be maintained with exercise. Then data collection commenced while the participant exercised for 8 min in the target HR range. Data were sampled at 500 Hz using an analog to digital data acquisition board (National Instruments) and custom script written for MATLAB (v2015, Mathworks).
Vascular measures
MCAv mean , MAP, and ETCO 2 were resampled at 10 Hz. We calculated CVR as the change in MCAv mean (cm/s) from rest to moderate intensity exercise. We reported MCAv mean , MAP, and ETCO 2 at rest and exercise.
Statistical analyses
All statistical analyses were performed using R (version 3.2.4 31 ). Between-group differences (beta-amyloid ''elevated,'' ''non-elevated'') were assessed using Welch's one-way ANOVA (due to different sample sizes and variance characteristics) or Chi-square tests without continuity correction as appropriate. We performed linear regression to explore relationships between our vascular, cognitive, and brain amyloid measures. When primary regression proved significant, we performed a subsequent regression including, age, American College of Sports Medicine cardiovascular risk classification, change in ETCO 2 from resting to baseline, and change in MAP from resting to baseline to control for potential effects on cerebrovascular dynamics. We set a¼0.05 to protect against Type I error and did not correct for multiple comparisons due to the exploratory nature of this study.
Results
We included 88 individuals meeting study criteria. The time between the PET scan and the TCD ultrasound study visit was 63.8 AE 61.6 days. Individuals were excluded from data analysis due to: (1) inability to obtain a quality signal for the MCA (n ¼ 13) either at rest or during exercise, (2) significant artifact during moderate intensity exercise (n ¼ 4), and (3) participant inability to complete the 8-min exercise bout (n ¼ 1). No serious adverse events were reported during or following the exercise bout.
Of the remaining 70 individuals (see Table 1 ; 25 elevated, 45 non-elevated), there was no difference in age, sex, and cardiovascular risk (p > 0.09) across amyloid elevated and non-elevated groups. All individuals classified as elevated had global beta-amyloid burden > 1.1, previously identified as a threshold sensitive for moderate-to-frequent neuritic plaques 24, 32 No individuals classified as non-elevated had a global beta-amyloid burden > 1.1.
Cerebrovascular regulation is sensitive to both ETCO 2 and MAP. Therefore, we assessed for group differences in these measures ( 
Cognitive measures
Group differences were evident in the Memory (F ¼ 
Discussion
The major finding from the present study was that the individuals in the elevated beta-amyloid group demonstrated 54% lower CVR compared to participants in the non-elevated group. These data are consistent with beta-amyloid-driven changes in cerebrovascular control seen in mice. 2, 3 Of importance, the two groups were not statistically different for resting MCAv mean , MAP, and ETCO 2 and the change in MAP and ETCO 2 from rest to exercise was not significantly different. This suggests that MCAv mean was not singularly driven by changes in MAP or ETCO 2, which are known to directly influence cerebral blood flow. Our work is the first to show that CVR during exercise is negatively affected by the presence of greater beta-amyloid burden. This finding is consistent with published work in humans examining cerebrovascular regulation and beta-amyloid. 7, 33 In our cohort of cognitively normal older adults, we did not find differences in resting MCAv mean . However, prior work highlighted decreases in resting cerebral blood flow (arterial spin labeling) with higher betaamyloid burden. 34 The authors tested whether regional cerebral blood flow would be different between healthy control and three distinct diagnostic groups (early cognitive impairment, late mild cognitive impairment, and Alzheimer's dementia). The authors found that independent of diagnostic group, those with higher betaamyloid had lower cerebral blood flow. Our study supports and extends prior work that increasing amyloid burden negatively interacts with cerebrovascular regulation. Specifically, we report CVR to exercise was blunted in those with elevated beta-amyloid.
The present findings complement previous work in animal model where the authors reported that mice (two to three months old) with a genetic disposition for higher levels of beta-amyloid precursor protein (APP) demonstrated disruption in cerebral autoregulation in response to pressure changes, whereas wild-type showed no disruption. 2 Further, the APP þ mice with higher levels of beta-amyloid showed the greatest disruption in cerebrovascular regulation. Although this present study did not specifically assess cerebrovascular autoregulation, we did examine changes in CVR with concomitant changes in MAP and ETCO 2 from rest to moderate intensity exercise. Our findings in cognitively normal older adults demonstrate that a blunted CVR was observed in those with higher levels of global beta-amyloid and are consistent with beta-amyloid-driven changes in cerebrovascular control seen in mice.
We chose to use exercise for the experimental protocol. 12 Exercise presents a physiologic challenge to the cerebrovascular system due to rapid increases in MAP, increased sympathetic activity, and greater cardiac output. 10, 11 Quantitative measurement of cerebral blood flow at rest provides valuable steady state information. However, examining the dynamic response, CVR, from rest to moderate intensity exercise can provide unique information regarding cerebrovascular control mechanisms 29 especially in a well-characterized cohort. All of our participants were sedentary 26 and were classified as moderate or high cardiac risk. 26 Second, we characterized our study participants according to beta-amyloid burden, a hallmark pathology of Alzheimer's disease. 1 A strength of our study was the inclusion of a well-defined cohort of participants with standard cognitive testing and PET imaging. With the ever-increasing burden of cerebrovascular disease and dementia, this well-characterized group is essential to ultimately identify clinical tools that might detect early changes in cerebrovascular health.
The early identification of cerebrovascular impairment would have great clinical and global implications especially if the onset of dementia could be delayed. For our secondary hypothesis, the data would suggest a possible association between CVR and speeded tasks. This is notable because many of the cognitive tasks, specifically speeded performance, benefit from improved cardiovascular health. 36, 37 It is perhaps not surprising that cognitive performance was worse in the elevated beta-amyloid group. Our findings are consistent with previous reports that have linked beta-amyloid burden to cognitive decline in cognitively normal older adults. 38, 39 Future work should consider a larger sample and longitudinal design to further elucidate any interaction or potential mediation effect between CVR, global amyloid burden, and cognitive function. 7, 33 Although exercise-induced brain blood flow response is less understood in older adults, we have provided novel findings to further support the interaction of beta-amyloid and cerebrovascular regulation in the growing body of literature. We acknowledge that the non-elevated beta-amyloid group had a slightly higher resting and exercise MAP, which could influence MCAv mean . However, we report no between-group differences for resting or change in MAP or ETCO 2 in response to moderate intensity exercise. We cannot rule out that there may be other cardiovascular measures that could influence CVR that were not examined in this study such as stroke volume, carotid-intima thickness, or arterial stiffness. However, we did capture cardiac risk and report similar representation across the two groups for moderate and high cardiovascular risk. Future work should include a comprehensive cardiac and vascular profile to extend upon these initial findings.
The present study has several limitations that ought to be considered when interpreting the results. First, this study did not focus on the mechanisms that may influence CVR in those with elevated global beta-amyloid. There may be other factors that influence cerebrovascular function such as cardiac function, hypertension, and peripheral vascular dysfunction. As observed in Figure 1 , there are non-elevated individuals who had a blunted CVR response. Future work should focus on additional vascular measures to better understand the relationship between beta-amyloid and vascular health in humans. Second, we did not use controlled methods for regulating changes in blood pressure or CO 2 (i.e. CO 2 inhalation) when measuring MCAv mean across all subjects. Rather, we assessed each individual during moderate intensity exercise in the participant's age-predicted HR range. This can influence individual responsiveness. However, we believe our methodology is a strength of the study as it presents more real-world physiologic challenge versus CO 2 gas inhalation. We acknowledge that we were unable to measure changes in MCA diameter. The assumption of constant MCA diameter is important for MCA V to be used as a direct proxy for cerebral blood flow. Currently, there is a lack of agreement whether MCA diameter changes with exercise or not 40, 41 but if the MCA diameter does change it may be negligible in larger vessels such as the MCA. 42, 43 Additionally, we were unable to acquire T1-weighted MRI to support regional hypothesis testing or increase the power of our analyses. 44, 45 This study is a first of kind exploratory study and as such the findings should be interpreted accordingly.
Conclusion
The findings of the present study demonstrate that cognitively normal individuals with elevated cerebral betaamyloid demonstrate a blunted CVR than those without elevated cerebral beta-amyloid. CVR to moderate intensity exercise may have the potential to serve as a biomarker for brain health. These results in humans corroborate prior animal data whereby beta-amyloid accumulation may negatively impact cerebrovascular function.
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